First, we used information from HapMap ( 30 ) , Perlegen ( 31 ) , and Applied Biosystems SNP Browser 3.5 ( 32 ) , in which the frequency and LD information among SNPs were available for various populations. Data from other projects in our laboratory show that Turks more closely resemble Europeans than other populations with respect to allele frequency and we used the relevant populations from these sources. Second, because over half of the bases in ECRs in mammals appear to be functional ( 33 ) , we examined SNPs in those regions with an ECR browser ( 34 ) and the UCSC browser for PhastCon conservation scores ( 35 ) . Third, the transcriptional factor binding prediction tool (TRANSFAC) ( 36 ) was used to identify SNPs that may associate with allele-specifi c transcription factor recruitment. To speed up this process, we developed a web-based database resource, Delta-MATCH, which can determine in silico whether a SNP alters transcription factor binding sites between two sets of alleles. We also used PReMod, which analyzes information from phylogenetically conserved regions and transcription factor binding sites to predict regulatory modules ( 37 ) . Fourth, possible microRNA binding sites were also evaluated (UCSC genome browser), and all results and data were harmonized to prioritize the selection of regions for sequencing or SNPs for genotyping. SNPs from published reports were also evaluated in detail.
Genotyping
Polymorphisms were genotyped with TaqMan genotyping assays (ABI, Applied Biosystems, Foster City, CA) or by restriction fragment length analysis. Methodological details and primer sequences are available on request. The average genotyping call rate exceeded 97% and the estimated genotyping error rate, determined by analysis of duplicate samples, was about 1%.
Statistics and data analysis
Data were analyzed with SPSS 10.0, PLINK v1.05 ( 38 ) , Microsoft Access, and Microsoft Excel. Associations between genotypes, lipids, and other parameters were analyzed separately for males and females. Because triglyceride levels were not normally distributed, log-transformed values were used for statistical comparison; untransformed mean values are reported here. Univariate ANOVA was used to calculate adjusted HDL-C levels. Log-transformed triglyceride level, body mass index (BMI), smoking (number of cigarettes/day), alcohol consumption (nondrinkers, 1-5 drinks/week, >5 drinks/week), and age were included as covariates, and genotype score was included as a fi xed factor in the model (GLM Univariate, SPSS 10.0). Genotype-lipid association analyses were conducted with an additive model, including covariates, for genotypic effects implemented in PLINK. Corrections for multiple testing were conducted with a permutation test (50,000 permutations) using PLINK. The proportion of variation in plasma HDL-C level from each SNP was estimated from partial regression coeffi cients ( 39 ) . Unadjusted mean values and association results with an additive model for genotypic effects, including permutation results, are presented in the supplementary tables. Hardy-Weinberg equilibrium was tested with Haploview 4.1 ( 40 ) . Mean values and frequencies between males and females were compared with the t -test and chi-square analysis, respectively. P < 0.05 was considered signifi cant.
RESULTS

Population characteristics
The demographic and biochemical characteristics of the 1990-1995 and 2000-2003 cohorts are shown in Table 1 .
HDL-C levels. The rs4775041 variant was in strong LD with rs10468017 and rs1800588 (-514C>T) was in strong LD with rs261332, but rs11858164 was not in LD with any of them. Thus, three unlinked tagging-SNPs in the LIPC locus were strongly associated with plasma HDL-C levels (20) (21) (22) . Although hundreds of thousands of SNPs can be examined simultaneously in GWA studies, signifi cant SNPs might be markers for known or unknown functional SNPs ( 23 ) .
Turks, whether living in Turkey or abroad, have very low plasma HDL-C levels ( 24-28 ) and 25-30% higher hepatic lipase activity and mass ( 28, 29 ) . Plasma HDL-C levels and hepatic lipase activity association with the promoter variant, -514C>T (rs1800588), have been reported in the Turkish population ( 14, 29 ) . In this study, we investigated in detail the association between LIPC SNPs and plasma HDL-C levels in over 3,750 participants in two separate cohorts in the Turkish Heart Study (THS), a large, crosssectional epidemiological survey of the Turkish population ( 24, 25 ) . All exons and six evolutionarily conserved regions of LIPC were sequenced to detect polymorphisms. There are more than 1,000 SNPs (dbSNP 128) in the LIPC locus. To assess and choose the SNPs for genotyping, HapMap and other resources were used for frequencies and LD among SNPs, and the results were combined with those from comparative genomic resources and transcriptional factor prediction tools.
MATERIALS AND METHODS
Study population and biochemical analyses
Study samples with complete biodata were randomly selected from THS participants. The fi rst cohort (n = 2,612) included subjects whose samples were collected between 1990 and 1995 ( 24 ) . The second cohort (n = 1,164) included subjects whose samples were collected between 2000 and 2003 ( 25 ) and were used mainly to verify results obtained with the fi rst cohort. Detailed biodata and blood samples were collected for each subject after an overnight fast. Plasma lipids were measured as described ( 24 ) . The protocols were approved by the Committee on Human Research of the University of California, San Francisco, and were in accordance with the Helsinki Declaration. Informed consent was obtained. Subjects who were taking lipid-lowering medication, had a history of diabetes mellitus, or had a plasma triglyceride level >800 mg/dl were excluded.
Detection and selection of LIPC polymorphisms
Primers (supplementary Table I ) were designed to amplify across the LIPC promoter and all exons, including intron/exon splicing boundaries. Six evolutionarily conserved regions (ECRs; two upstream of the gene and four in intron 1) were also selected for sequencing (see below for selection criteria). DNA from 28 subjects (16 with low HDL-C and 12 with high HDL-C levels) was sequenced to identify polymorphisms in LIPC . DNA sequences were aligned and analyzed with Sequencher DNA analysis software (GeneCodes, Ann Arbor, MI).
LIPC is a very large gene and over 1,000 SNPs are found in and around LIPC with different frequencies and validation status (Ensembl BioMart, dbSNP 128). We sequenced about 9-10% of the LIPC locus. To choose and prioritize SNPs in the unsequenced parts of the LIPC locus, we used several bioinformatics tools. view software revealed low LD among those SNPs ( Fig. 1 ) . This is mostly because we chose SNPs with low LD to increase the coverage of the LIPC gene structure. The frequencies of the rare alleles of described polymorphisms did not differ between males and females. For all polymorphisms genotyped, the distribution of alleles was consistent with the Hardy-Weinberg equilibrium.
Evaluation of functional relevance of LIPC SNPs
Nine intronic polymorphisms close to the intron/exon boundaries were identifi ed (supplementary Table II ). Examination of mRNAs, expressed sequence tags, and alternative splicing of mRNA from the Swiss Institute of Bioinformatics through the UCSC genome browser suggested that they created no cryptic splice sites. The four synonymous variants, V155V (rs690), G197G (rs6082), T224T (rs6084), and T479T (rs6074), were not predicted to create any cryptic splice sites, either.
Six nonsynonymous variants were found in Turks: V95M (rs6078), P111L (novel), N215S (rs6083), R344Q (novel),
In both groups and in men and women, the plasma HDL-C levels were low and total cholesterol/HDL-C ratios were high.
Identifi cation and selection of LIPC polymorphisms
Fifty-one SNPs with rare allele frequencies (<1% to 49%) were identifi ed by sequencing DNA from 28 subjects. Nine of these SNPs were novel. Four additional SNPs were selected with other approaches. Two SNPs (rs2242061 and rs11632627) were selected using Delta-MATCH, a program that uses TRANSFAC database matrices ( 36 ) and aims to predict which polymorphisms may modulate transcription factor binding in an allele-specifi c manner. The rs2242061 (C/T) SNP is predicted to modulate the binding of the vitamin D receptor (VDR) transcription factor (C score = 0. 8594; T score = 0. 8075; VDR threshold score = 0.8590). Similarly, rs11632627 (A/G) is predicted to modulate the binding of the GATA transcription factor (A score = 1.0000; G score = 0. 7263; GATA threshold score = 1.0000). The other two tagging SNPs (rs4775041 and rs11858164) were selected for genotyping because they were signifi cantly associated with plasma HDL-C levels in GWA studies ( 21, 22 ) . Rs numbers, chromosomal and gene locations, allele frequencies, and nucleotide changes for all 55 SNPs are presented in supplementary Table II . After examining the rare allele frequencies and LD (D ′ , r 2 ) among all these SNPs, we selected 35 SNPs for follow-up. LD among the SNP pairs and the frequency data from available sources were also evaluated in the selection process (30) (31) (32) . The 35 SNPs included all 10 coding sequence variants (synonymous and nonsynonymous), the four SNPs identifi ed from bioinformatics approaches and GWA studies, six SNPs in the promoter (mean rare allele frequency >2%), and 15 SNPs in the evolutionarily conserved, promoter, and intronic regions (mean rare allele frequency >5%).
To gain additional insight into the frequencies of rare alleles and LD (D ′ , r 2 ) among them, we genotyped these 35 SNPs in 260 subjects for whom hepatic lipase activity data (and lipid biodata) were available (supplementary Table III ). Analysis of pairwise LD parametrics with Haplo- L356F (rs3829462), and R444C (novel). To evaluate their possible effects on protein function, we used two webbased tools. SIFT ( 41 ) categorized all six variants as tolerated. PolyPhen ( 42 ) categorized fi ve as benign and R444C as possibly damaging.
Association of LIPC SNPs with plasma HDL-C levels and hepatic lipase activity in Turks
Data for 260 Turkish subjects and 35 SNPs are summarized for HDL-C level and hepatic lipase activity in males and females separately (supplementary Table III ) . Mean values and preliminary statistical results along with possible functional relevance were examined for both genders and for both phenotypes, and 21 SNPs were selected for genotyping in the 1990-1995 cohort, including three novel coding variants (P111L, R344Q, and R444C) (supplementary Table III ). The results were evaluated after about half the cohort had been genotyped. The rare allele frequencies of these novel coding variants were <%1 (supplementary Table II ) ; data for each subject are presented in supplementary Table IV . The LD (r 2 ) among the SNP pairs was very low (supplementary Table V ). We decided not to follow up 10 SNPs, inasmuch as there seemed to be no association with plasma HDL-C levels (supplementary Table VI ). The remaining 11 SNPs were genotyped in full in the 1990-1995 cohort ( Table 2 ) and the 2000-2003 cohort ( Table 3 ) . We chose these step-wise approaches to reduce the possibility of spurious association results and to reduce genotyping costs and labor. We considered these 11 SNPs as a potentially important fi nal list, and multiple test corrections were based on these 11 SNPs.
For genotype-lipid association analysis for these 11 SNPs, an additive model with covariates was used, and corrections for multiple testing were conducted with a permutation test implemented in PLINK. Five SNPs (rs4775041, rs1800588, rs11858164, rs11856322, and rs2242061) were associated signifi cantly with plasma HDL-C levels ( Tables  2, 3 ). All fi ve SNPs showed a gene-dose effect in which the mean HDL-C values of heterozygous subjects were roughly halfway between those of subjects with rare and common homozygous genotypes. In the two cohorts and in both genders, the rare alleles of rs4775041, rs1800588 (-514C>T), and rs11858164 were associated with increased plasma HDL-C levels, and the rare alleles of rs11856322 and rs2242061 were associated with decreased plasma HDL-C levels ( Tables 2, 3 ). These SNPs individually explained 0.7-1.1% of the variance in plasma HDL-C levels in the Turkish population. The mean differences in HDL-C levels between the rare and common homozygous genotypes were 1.5-5.2 mg/dl, a range similar to that obtained by GWA (20) (21) (22) for the rs1800588, rs4775041, and rs11858164 SNPs. Unadjusted results showed similar signifi cance (supplementary Tables VII and VIII) .
All fi ve SNPs were associated with hepatic lipase activity, and the effects were stronger and had lower P -values in males than females ( Table 4 ). The differences in hepatic lipase activity between subjects with rare and common homozygous genotypes were 15-50%. The rare alleles of rs4775041, rs1800588, and rs11858164 were associated All means ± SD were calculated by ANCOVA using general linear models, and adjusted for log triglyceride, age, BMI, smoking, and alcohol consumption. Total number of subjects: 1549 males, 1063 females. Number of subjects for each group is shown in parentheses. P -values were calculated using an additive genetic model in PLINK. Permutation P -values were calculated from 50,000 random iterations in PLINK. NS, not signifi cant. A, common allele; B, rare allele. Signifi cant SNPs are in bold.
with decreased activity, and the rare alleles of rs11856322 and rs2242061 were associated with increased activity. Because hepatic lipase activity is inversely correlated with plasma HDL-C levels in our samples (Spearman correlation, r = 0.362, P < 0.001, n = 260) as in the literature ( 8 ), these results are consistent with the association of the fi ve SNPs with plasma HDL-C levels.
Combined effect of LIPC SNPs on HDL-C levels in Turkish populations
There was generally low LD across the fi ve signifi cant LIPC SNPs spanning the 160 kb between rs4775041 and rs2242061 ( Table 5 and supplementary Table V ) . Because of the low LD and distance among SNPs, it was not reasonable to perform a haplotype analysis. To examine the combined effect of the fi ve SNPs on plasma HDL-C levels, we developed a scoring system based on the number of alleles associated with low HDL-C. Common alleles of rs4775041, rs1800588, and rs11858164 and rare alleles of rs11856322 and rs2242061 were counted for each participant for whom complete genotyping information at these fi ve SNPs was available (0 to 10 alleles). Individuals with р 2 or у 7 alleles associated with low HDL-C were grouped. In both men and women, an increased number of such alleles were associated with lower plasma HDL-C levels ( Fig. 2 ) . On average, among subjects with у 7 alleles, HDL-C levels were 4.6 and 5. 
DISCUSSION
This study shows that fi ve common LIPC SNPs are significantly associated with plasma HDL-C levels in the Turkish population. In two cohorts of men and women, the plasma HDL-C levels were higher in subjects homozygous for the minor alleles of the rs4775041, rs1800588 (-514C>T), or rs11858164 SNP and lower in subjects homozygous for the rs11856322 and rs2242061 minor alleles ( Tables 2, 3 ). As expected, these SNP alleles had the opposite associations with hepatic lipase activity ( Table 4 ) , which is inversely correlated with plasma HDL-C levels ( 8 ) . Because there was very low LD among the SNPs and plasma HDL-C levels declined as the number of alleles associated with low HDL-C increased, it is logical to consider that these fi ve SNPs might have independent effects. However, any SNPs in strong LD with them might be functional SNPs or markers for the association we observed. Supplementary Fig. I illustrates the relationship of signifi cant SNP(s) with the other SNPs in the region with respect to r 2 values in the HapMap Centre d'Etude du Polymorphisme Humaine from Utah (CEU) population (rs2242061 was not genotyped in HapMap so there are no data for it) and shows the possibility of other SNPs being responsible for the signal that we observed. On the other hand, we could not totally eliminate the possibility that ungenotyped or unknown SNP markers were moderately linked to two or more of those fi ve SNPs and that particular SNPs had an association sig- All means ± SD were calculated by ANCOVA using general linear models, and adjusted for log triglyceride, age, BMI, smoking, and alcohol consumption. Total number of subjects: 474 males, 690 females. Number of subjects for each group is shown in parentheses. P -values were calculated using an additive genetic model in PLINK. Permutation P -values were calculated from 50,000 random iterations in PLINK. NS, not signifi cant. A, common allele; B, rare allele. Signifi cant SNPs are in bold.
CEU), suggesting they are markers for the other SNPs in the pairs we had already genotyped in the Turkish population. None of those four SNPs (rs4775041, rs11858164, rs261332, and rs10468017) reside in conserved intronic or intergenic regions, and no allele-specifi c transcriptional factor binding sites are predicted. Although these SNPs may not be functional (but might be markers for funcnal, and therefore, the observed association signals might not be independent. The -514C>T promoter SNP (rs1800588) has been repeatedly associated with HDL-C levels and hepatic lipase activity, including recent GWA studies and previous studies of Turkish samples ( 9-14, 20, 21 ) . Functional studies of this SNP have yielded contradictory results. The T allele of -514C>T has signifi cantly lower transcriptional activity than the C allele ( 43, 44 ) , and there was a differential binding for the upstream stimulatory factor that mediates glucose and lipid metabolism in the liver ( 44 ) . On the other hand, none of the four SNPs in the promoter region (-514C>T, -763A>G, -710C>T, and -250G>A) contributes to the basal transcription rate of LIPC ( 45 ) . In a very recent study, a large number of human liver samples were analyzed for whole-genome expression levels and whole-genome DNA variations to characterize the genetic architecture of gene expression in the human liver. Of the SNPs genotyped within 1 megabase of the LIPC locus, rs261332 (strong LD with rs1800588) was most strongly associated with hepatic lipase expression ( 46 ) . It is unclear whether the -514C>T (rs1800588) SNP is functional or in LD with one or more functional SNPs in the LIPC locus.
The three SNPs (rs1800588, rs4775041, and rs11858164) that were signifi cantly associated with plasma HDL-C levels in the Turkish population have similar effect size in recent GWA studies (1.4-1.8 mg/dl per allele) (20) (21) (22) . These GWA studies also identifi ed two additional signifi cant SNPs that were not analyzed in this study. These two SNPs are rs261332 ( 20 ) (pairwise r 2 = 0.92 to rs1800588 in CEU) and rs10468017 ( 21 ) (pairwise r 2 = 0.81 to rs4775041 in All means ± SD were calculated by ANCOVA using general linear models, and adjusted for log triglyceride, age, BMI, and HDL-C. Total number of subjects: 132 males, 128 females. Number of subjects for each group is shown in parentheses. P values were calculated using an additive genetic model in PLINK. Permutation P values were calculated from 50,000 random iterations in PLINK. A, common allele; B, rare allele.
quences of three individuals ( 57-59 ) were published. All subjects had approximately three million SNPs, and 14-43% of them were novel (57) (58) (59) . Examination of the LIPC locus for novel SNPs in these three subjects (18-59 novel SNPs, Ensembl Genome browser, BioMart tool) revealed very little overlap among those individuals, and none of those SNPs overlapped with the novel SNPs (n = 9) found in the Turkish population. Thus, it is likely that many more SNPs with relatively low frequencies remain to be found, and some might have important functional properties. Although we did not observe the R186H ( 51 ), T383M ( 52 ), S267F ( 52 ) , and R276L ( 56 ) variants, we found three novel coding variants (P111L, R344Q, and R444C) with low allelic frequency; however, in silico analysis and plasma HDL-C levels of those subjects did not suggest a functional or biological consequence.
In summary, we found fi ve independent SNPs in LIPC that are signifi cantly associated with plasma HDL-C levels in Turks. Although the size of the effect was somewhat similar to that in previous association studies, it is unlikely that these variants explain the magnitude of low HDL-C in Turks. One possibility is that we have not found all the variants of LIPC that affect plasma HDL-C levels as rare variants may have a major effect ( 60, 61 ) . Another possibility is that other genes within the 15q22-23 locus also affect HDL-C levels. We are currently examining the 15q22-23 locus more extensively.
tional SNPs), they demonstrate the importance of the LIPC locus for HDL-C variation.
For the fi rst time, in this study, signifi cant results are reported for rs11856322 and rs2242061 ( Tables 2, 3 ). The rs11856322 SNP may modulate the binding of hepatic nuclear factor 4 ␣ (HNF4 ␣ ). Reporter analysis showed that HNF4 ␣ directly regulates the expression of the LIPC promoter through two direct repeat elements, DR1 and DR4 ( 47 ) . According to the TRANSFAC database ( 36 ), HNF4 ␣ is predicted to bind the DR1 DNA sequence when the LIPC rs11856322 minor A allele is present, but not when the major G allele is present (A score = 0.8957; G score = 0.8116; HNF4 ␣ threshold score = 0.8390). We hypothesize that increased expression with the A allele (presumably increased enzymatic activity) is associated with low HDL-C levels, as we observed in subjects homozygous for the rare allele of rs11856322. However, this has to be experimentally proven for the rs11856322 SNP, located in intron 1. Similarly, the rs2242061 minor C allele is predicted to bind to the VDR transcription factor with higher affi nity than the major A allele (C score = 0. 8594; T score = 0. 8075; VDR threshold score = 0. 8590) ( 36 ) . This receptor has an important function in lipid metabolism, as it suppressed apolipoprotein AI gene expression ( 48 ) and modulated bile acid and cholesterol homeostasis interaction through the liver X receptor ␣ ( 49 ); its effects on LIPC regulation have not been established.
Several other synonymous, nonsynonymous, and promoter variants of LIPC are potentially important. The nonsynonymous variants L334F ( 50 ), R186H ( 51 ), T383M ( 52 ) , and S267F ( 52 ) cause hepatic lipase defi ciency in carrier subjects. The L334F variant is common in African-Americans (allelic frequency of 18%) and associated with low hepatic lipase activity but is rare in whites (1.3%) ( 16 ) . It is also rare in Turks (1.4%) and seems not to be associated with hepatic lipase activity. R186H, T383M, and S267F were not observed in Turks. Other nonsynonymous (V95M and N215S) and synonymous (V155V and T224T) variants have been reported ( 17 ) . The S allele of N215S was signifi cantly associated with low hepatic lipase activity in whites (allelic frequency of 34%) but not in African-American men (64%) ( 16 ) . However, although the frequency of the S allele was 33% in Turks, it was not associated with HDL-C levels or hepatic lipase activity. The frequency of T224T was similar in Finnish cases and controls ( 11 ), but was signifi cantly lower in Italian coronary heart disease patients than controls (36% vs. 53%) ( 53 ) . This variant was not associated with lipid parameters in Turks. Recently, three novel SNPs with high allelic frequencies (21-25%) were reported in a Han Chinese population (54) (55) (56) . The -586C>T SNP was associated with increased HDL-C levels. Luciferase reporter assays suggested that the minor T allele decreased promoter activity ( 54 ) . The two other variants, -2T>C ( 55 ) and R276L ( 56 ), had signifi cantly higher allelic frequencies in coronary heart disease patients than control subjects. These variants were not observed in Turks.
We sequenced about 9-10% of the LIPC locus and found nine novel SNPs with relatively low frequencies (supplementary Table I ). Recently, the full genomic se-
